Fiber reinforced polymer (FRP) composite materials have many advantages over traditional building materials. They are becoming more and more popular in civil engineering applications. FRP pultruded tubes are easy to fabricate and can be easily assembled for different applications. In this paper, FRP tube assemblies of variable size, fiber material, tube wall thickness, and different installation are studied using ABAQUS commercial finite element analysis code. The deflection and stress distribution are listed for each case. When compared to experimental results, the numerical analysis shows good correlation. Data gained in this study can be used for design and optimization of FRP tube assemblies for bridge deck construction and similar applications in civil engineering.
INTRODUCTION
Fiber Reinforced Polymer (FRP) composite materials have many advantages over traditional construction materials such as steel and reinforced concrete. These advantages include lightweight, resistance to environmental damage, long life, automated fabrication and rapid installation. FRP composites are gaining more and more popularity in construction. They have been used in demonstration projects to build bridges and residential buildings (Seible (1998) , and Zureick et al. (1995) ) and have been the focus of studies in designing and manufacturing (Ebeido et al. (1996) , Sotiropoulos et al. (1994) , and Youn et al. (1998) ). Compared with other FRP fabrication methods, pultrusion process is fast and suitable for large-scale production. In particular, pultruded FRP tubes are easy to be assembled to form a structural subsystem for civil engineering applications.
Two most widely used reinforcements in FRP are carbon fiber and glass fiber. Carbon fiber reinforced polymer (CFRP) composites are much stiffer than glass fiber reinforced polymer (GFRP) composites, but CFRP composites are also more expensive. The material properties as well as the cost must be taken into consideration for use of FRP in Shen, Y. , Xu, M., Chandrashekhara, K., and Nanni, A., "Finite Element Analysis of FRP Tube Assemblies for Bridge Decsk", Advanced Composite Materials, October 2001 2 construction. It is profitable to use both GFRP and CFRP tubes in the tube assembly to meet certain stiffness requirement that can not be satisfied by using GFRP only. This is the philosophy adopted in the designing of the tube assembly in this paper.
Finite element analysis (FEA) has been successfully used to study the deflection and stress distributions of a loaded structure (Mabsout et al. (1997) , and Sennah et al. (1998) ).
In this paper, FRP tube assemblies of variable configurations are analyzed. These configurations include geometry, fiber material, tube layout pattern, and installation. The results can be used to optimize the design of FRP bridge decks and similar structures.
ABAQUS commercial finite element analysis code is used for the numerical analysis.
Three case studies are investigated to compare the results from ABAQUS with the results from analytical studies and experiments. The modeling is discussed and the results for different tube assemblies are presented. Finally, a case study of a four-layer bridge deck is conducted to demonstrate the practicality of this work.
ANALYSIS OF FRP TUBES
ABAQUS finite element code can be used in various areas such as solid mechanics, heat transfer, and fluid mechanics, and is suitable for the analysis of composite structures.
Before complex tube assemblies are analyzed, the available results from literature are used to validate the ABAQUS finite element model. In this study, shell element S4R (Hibbitt, Karlsson & Sorensen Inc. (1997) ) is used. It is a general-purpose 4-node shell element using reduced integration. Since transverse shear effect has been considered in this element, it can be used to model both thin and thick structures.
Cantilever Box Beam Bending
Several studies have been made on the composite box beam (Bank et al. (1998) , Suresh et al. (1997) and Patel et al. (1993) ). The composite cantilever beam with set up shown in Figure 1 was given as an example in Bank et al. (1998) and is chosen to verify the results from ABAQUS.
A 39.370 in (1000 mm) long cantilever box beam is loaded at its free end by a concentrated force of 22.47 lb (100 N). The composite tube, with wall thickness t=0.039 in (1 mm), has a rectangular cross-section. Two different cases are compared, one with b=3.937 in ( 100 mm), h=0.984 in (25 mm) and the other with b=0.984 in (25 mm), h=3.937 in (100 mm). The material is Graphite/Epoxy T300/5208. Its properties are E L =26,245 ksi (181.0 GPa), E T =1,885 ksi (13.0 GPa), ν LT =0.28, G LT =1,040 ksi (7.17 GPa). The FEA results are compared with analytical solutions of Bank et al. (1998) and are listed in Table 1 . The correlation is very good.
Bending of a Single Tube
A simply supported FRP tube subjected to bending is analyzed and compared with an experiment. The test setup is shown in Figure 2 with the following dimensions: L=96 in the strain at the bottom of the mid-span section increases 11.1%. For the four-layer t ube assembly under a load of 20,000 lb (89,000 N), the deflection increases 86.6%, while the strain at the bottom of the mid-span section increases only 8.9%. It is clear that the deflection is more sensitive to shear stiffness deterioration while the strain at the bottom is less affected. This satisfactorily explains the experimental results in Figure 7 (a) and (b). When the deflection of the four-layer assembly is less than 0.36 in (9.144mm), the cross section of the tubes in layer (3) has little change a nd no failure occurs at the corners. Based on the experimental results and the additional numerical studies of the 4-layer assembly, it is assumed that, for all assemblies reported in this paper, if the ratio of Shen, Y., Xu, M., Chandrashekhara, K., and Nanni, A., "Finite Element Analysis of FRP Tube Assemblies for Bridge Decsk", Advanced Composite Materials, October 2001 5 mid-span deflection over the span remains below 0.4% (Deflection/Span < 1/250), the behavior of the assemblies is linear. there is no normal stress along the span direction for the vertical sides of the tubes i n layer (1) and (3). Actually, the normal stress in the tube wall normal direction is small and can be ignored. Along Figure 6 (b) line A-A, the largest tensile stress occurs at the bottom of layer (4). T he largest compressive stress appears on the top of the tubes in layer (2). This is because the tubes in layer (2) are oriented with fiber direction parallel to the assembly span. The strength requirements can be easily satisfied for layer (2) and layer (4); that is, failure is not controlled by them. Layer (1) is subject to compression failure when the load increases because the tubes are oriented in the transverse direction.
Near the loading area, except the tubes in layer (1), tubes experience a stress reverse; i.e. the upper part of the tube is under compression while the lower part is under tension. It is expected that the tubes in layer (3) and (4) should only have tensile stress and the tubes in layer (1) and (2) should only have compressive stress. The cross phenomenon is caused by the composite materials used in the assembly and the complexity of the structure.
When an isotropic elastic material is used, this phenomenon disappears. Away from the loading area, the stress is smaller and its distribution is in agreement with the expectation.
The shear stress distribution along layer (2) in the span direction is shown in Figure 8 (c). The largest shear stress occurs near the mid-span ( Figure 5 line B -B) . The shear stress distribution at this section along the thickness direction ( Figure 5 line B -B) is shown in Figure 5 (b) ; it reaches its maximum at the top of layer (3). In the experiment, the shear stress does not seem to cause any failure at the glued interface between layer (2) and (3), but it causes a large shear deformation for the tubes in layer (3) when the ratio of deflection over span exceeds 0.4%.
After these case studies, a conclusion can be drawn that the results from ABAQUS for the tube assembly analysis are accurate when the tube assembly behaves as a linear Shen, Y., Xu, M., Chandrashekhara, K., and Nanni, A., "Finite Element Analysis of FRP Tube Assemblies for Bridge Decsk", Advanced Composite Materials, October 2001 6 elastic structure. The threshold of linearity is a t a ratio of the deflection over span less than 0.4% (Deflection/Span < 1/250). (1965)). The severe load condition happens when two wheels are at the midspan since the specified span, S, is no more than 192 in (4877 mm). The load from each wheel is distributed to an area of 24 in x 12 in (609.6 mm x 304.8 mm). A load of 10,000 lb (44,500 N ) over each loading area is applied to get the reference deflection and stresses. Under real conditions, the deflection and stresses can be obtained f rom linearity.
ANALYSIS OF FRP BRIDGE DECK

FRP Tube Assembly Geometry and Applied Load
For example, if the load is 20,000 lb (89,000 N ) for each wheel, the deflection and stresses can be obtained by doubling the deflection and stresses from the reference case.
When doing this, the threshold for the linear stage must be satisfied. The ratio of deflection over span must be less than 0.4% (Deflection/Span < 1/250).
To simplify the ABAQUS model, the deck in Figure 9 is subdivided into four parts and only one part is analyzed (Figure 10 ). By analyzing quarter portion of the structure with ¼ of the total load at the center, the deflection and stresses for the whole deck under maximum load condition can be obtained with good approximation. The FEA model is shown in Figure 11 . The symmetry in width and span direction of the analyzed part is used.
Tube Size and FRP Material
With reference to Figure 2 , the dimensions of the tubes used in this study are: a=3 in (76.2 mm), t=0.25 in (6.35 mm) and a=6 in ( 152.4 mm), t=0.5 in (12.7 mm). With regards to materials, both GFRP and CFRP are considered. The properties for the GFRP and CFRP tubes used in the assemblies are listed in Table 3. Shen, Y., Xu, M., Chandrashekhara, K., and Nanni, A., "Finite Element Analysis of FRP Tube Assemblies for Bridge Decsk", Advanced Composite Materials, October 2001 7 A four-layer assembly is investigated. Layer (1) and (3) consists of GFRP tubes. The combination of GFRP and CFRP tubes is varied only in layer (2) and (4), where the fiber direction is parallel to the deck span. Four patterns are shown in Figure 10 . Pattern (1) is one CFRP tube by one GFRP tube. Pattern (2) is two CFRP tubes by one GFRP tube. The other two patterns are all GFRP or CFRP.
Deflection and Stress
To obtain meaningful deflection and stresses, it is required that the structure performs in the linear range. A worst case scenario consists of only GFRP tubes with W=144 in (3,657 mm), S=72 in (1,828 mm), a=3 in (76.2 mm), t=0.25 in (6.35 mm), is chosen to check the requirement, since its ratio of deflection over span is the largest among all the cases discussed herein. The ratio is 0.1477 in / 144 in (3.752 mm/3,657.5 mm)=0.1%, much less than the threshold 0.4%, when the applied load is 10,000 lb (44,500 N). Thus, all the assemblies are assumed to perform in the linear range when the load is less than 40,000 lb (178,000 N).
Deflection
To learn the behavior of the assembly of different configuration, parametric study is conducted. The assembly varies with three span values; two tube sizes and two thickness values and is subject to simply supported or clamped boundary condition. The deflection for each case is listed in Table 4 . For a specific assembly, the deflection from the simply supported boundary condition is about two times of the deflection from the clamped boundary condition. This shows that the installation of the assembly has a large effect on its stiffness. The deflection from CFRP tube assembly is half of the deflection from GFRP tube a ssembly of the same size and boundary condition. When the GFRP tube assembly cannot satisfy the stiffness requirement, CFRP tube assembly can be considered. When both GFRP and CFRP tubes are used in the assembly, the two mixed patterns give approximately t he same deflection, which is much less than using GFRP tubes alone. When the GFRP tube assembly can not satisfy the stiffness requirement, mixed tube assembly of GFRP and CFRP tubes is an option.
Stress Distribution:
A typical tube assembly with the mixed (1) pattern is selected to show the stress distribution under a load of 10,000 lb (44,500 N). Figure 12 (a) and (b) are the tensile and compressive stresses through the thickness of the tube assembly at the mid-span section.
Figure 12 (a) is taken f rom the position shown in Figure 11 Line A. The tubes in layer (2) and (4) Figure 11 Line B. Tubes in layer (2) and (4) Along the span direction, the shear stress variation is similar to Figure 8 (c). In Figure   11 line C, shear stress reaches its maximum. Figure 12 (c) is the shear stress through the thickness along this line. The largest shear stress happens at the interface of layer (2) and layer (3) and is 140 psi ( 0.965 MPa). Shear stress is important when designing the assembly approach. For example, if glue is used to assemble all the tubes together, the glued interface should be tested to see if it is strong enough to withstand the shear stress.
FRP BRIDGE DECK DESIGN CONSIDERATIONS
An example is given to show how to use the data in Table 3 when designing a FRP bridge deck. The span of the deck is 144 in (3657 mm). The width is 288 in (7,315 mm); thus the deck can hold two lanes. According to AASHTO standards, the p ossible maximum load for one wheel of an HS20-44 truck is 16,000 lb (71,120 N), with 1.3 as the impact factor, one patch load on the deck is 20,800 lb (92,456 N) . If the deck is simply supported, the tube has a=3 in (76.2 mm), t=0.25 in (6.35 mm), the material is GFRP. From the table, deflection for this configuration under the load of 10,000 lb Shen, Y., Xu, M., Chandrashekhara, K., and Nanni, A., "Finite Element Analysis of FRP Tube Assemblies for Bridge Decsk", Advanced Composite Materials, October 2001 9 (44,450 N) can be obtained. The deflection is 0.1477 in (3.75 mm). Multiplying 0.1477 by 2.08 (20,800 lb/10,000 lb (92,456 N/44,450 N)=2.08), the deflection is 0.307 in (7.80 mm). The ratio of deflection over span is 0.21% (0.307 in/144 in ( 7.80 mm/3,657.5 mm)=0.00213). AASHTO standard requires that the ratio of deflection over span for highway bridges be less than 1/800 (0.13%). Thus, the deck assembled by GFRP under the simply supported condition cannot satisfy the deflection requirement. If the deck is clamped at both ends, the ratio of deflection over span is 0.1%, which is less than 1/800 (0.13%). If the deck is assembled using both GFRP and CFRP tubes as mixed (1) pattern and is clamped at both ends, the ratio of deflection over span is 0.07%, which is much less than 1/800 (0.13%). Tubes with a=6 in (152.4 mm), t=0.5 in (12.7 mm) can also be used here and the deck will be much stiffer than AASHTO standard requirement.
CONCLUSIONS
In this paper, the deflection and stress distribution for FRP tube assemblies of variable size, fiber material, tube wall thickness, and installation are studied. Numerical analysis shows that the strength requirement for FRP composites can be easily satisfied when the FRP assembly is used as a bridge deck. Attention should be paid to the stiffness and interface shear strength requirement. The choice of tube materials for the assembly has a large effect on its stiffness. It is advantageous to use both FEA and experimental method in the designing process.
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